Aspartokinase III, encoded by lysC, is responsible for the first step of lysine biosynthesis in Escherichia coli. In this study, a lysC knockout E. coli W3110 strain was generated to study the differential gene expression profiles of wild type and lysC knockout strains. Several significant changes were observed, including biosynthesis of lysine, oxaloacetate, a-ketoglutarate and glutamate genes. Genes related to transporters and heat shock proteins were also affected by lysC knockout. The results indicated that the lysC knockout strain exhibited some phenomena similar to lysine starvation. The data generated by this study further clarify the systematic role of lysC in lysine biosynthesis.
Introduction
Lysine biosynthesis in Escherichia coli is mediated by nine enzymes, only two of which are regulated by lysine, aspartokinase III and dihydrodipicolinate synthase. Aspartokinase III, which is encoded by the lysC gene, catalyzes the first step of lysine biosynthesis by phosphorylating aspartate (Cohen & Saint-Girons, 1987 ). This step can also be catalyzed by two other enzymes, aspartokinase I and II, which are encoded by thrA and metL. Unlike bifunctional enzymes ThrA and MetL, LysC is monofunctional. The expression of lysC is controlled by lysine both transcriptionally and posttranscriptionally (Mazat & Patte, 1976; Grundy et al., 2003) . Aspartokinase III is considered to be a checkpoint of lysine biosynthesis; a desensitized mutation of lysC in E. coli exhibits overproduction and secretion of lysine. Nevertheless, in the industrial production of the L-lysine bacterial strain of Corynebacterium glutamicum, the expression of lysC was found to be higher than that of wild type (Hayashi et al., 2006) . Although the regulation of lysC expression significantly affects the biosynthesis of lysine, the systematic role of lysC in the E. coli biosynthesis system remains unclear.
To clarify the systematic regulation of lysine biosynthesis, microarray analysis was used to study the differential global gene expression of E. coli K-12 W3110 wild type and l red generated lysC knockout strains. The gene expression changes of the lysine biosynthesis pathway and other biological pathways are discussed.
Materials and methods

Bacterial strains and chemicals
Escherichia coli K-12 W3110 (F À ,l À ) was purchased from Bioresource Research and Collection Center in Hsinchu, Taiwan. Cloning hosts E. coli DH5a and Top 10 were purchased from Invitrogen (Carlsbad, CA). Superscript II reverse transcriptase and DNA polymerase Pfx and Tfi were also purchased from Invitrogen. T4 Ligase and restriction enzymes were purchased from New England Biolabs (Ipswich, MA). Microarrays, 70-mer oligo E. coli K-12, were purchased from the microarray and proteomics facility of the University of Alberta, Edmonton, Canada. Specific information can be found on the website of the microarray and proteomics facility, University of Alberta (http://www.biology.ualberta.ca/facilities/microarray/index. php?Page=3608). Chemicals were purchased from Sigma (St Louis, MO) and Merck (Whitehouse Station, NJ).
Construction of the k red system
The construction of the l red system was modified from Datsenko & Wanner (2000) . l red genes b, g and exo were amplified by PCR using primers (5 0 -AAGCTTTATGGATAT TAATACTGAAAC-3 0 ) and (5 0 -AAGCTTTCATCGCCATT GCTCCCC-3 0 ) from l DNA, and cloned into HindIIIdigested pUC19 plasmid. The lac operon-driven l red gene fragment was then amplified from pUC19: l-red by PCR using primers (5 0 -CAGCTGGGCACGACAGGTTTC-3 0 ) and (5 0 -CCATGGTCATCGCCATTGCTCC-3 0 ). The amplified product was restriction digested and ligated into PvuII and NcoI linearized pACYC184, which resulted in pACY-C:lac-red. Restriction enzyme digestion and DNA sequencing were performed to confirm the cloning of the l red genes.
Generation of lysC-CM r cassette DNA fragments 5 0 and 3 0 of the lysC gene were amplified from E. coli W3110 genomic DNA by PCR using primers lsyC5F (5 0 -AGATTGTAGCGCCAGTCAC-3 0 ) and lysC5R (5 0 -TACCTAATTAGTAGTTCAGCTAA-3 0 ) (5 0 fragment); and lysC3F (5 0 -TACGGCCCGAAATATAGC-3 0 ), and lysC3R (5 0 -ATCGTCCAGTCGCATGATTT-3 0 ) (3 0 fragment), respectively. Chloramphenicol resistance gene (CM r ) was amplified from plasmid pACYC184 using primers CMRF (5 0 -CTGGACGATCGCACTGGAGCACC-3 0 ) and CMRR (5 0 -TTAGGTACCTTACGCCCCGCCCTG-3 0 ). Ten microliters of lysC 5 0 and 3 0 PCR products were then mixed with 5 mL CM r PCR product, and nested PCR was performed using primers lysC5F and lysC3F to generate lysC flanked CM r DNA.
Competent cell preparation and electroporation
The induction of l red system and the preparation of electroporation competent cells were performed following the protocol established by Murphy (1998) . Gene Pulser II (Bio-Rad, Hercules, CA) was then used for electroporation. The peak discharge field used was 25 kV cm À1 with an RC time constant of 4.7 ms. A 200-ohm resistor was used in series with the cuvettes. After electroporation, cells were resuspended in 500 mL SOC medium and cultured at 37 1C for 30 min. Cells (100 mL) were then plated onto a LuriaBertani (LB) agar plate containing 10 mg mL À1 chloramphenicol. Colonies were picked 16 h after plating onto the LB agar plate and were suspended in 10 mL ddH 2 O. Each colony mixture (1 mL) was used as a template for PCR reaction.
PCR product (10 mL) was loaded onto an agarose gel and positive clones were inoculated for further analysis.
RNA preparations
Wild type and lysC knockout E. coli were cultured in M9 minimal medium with 2% glucose at 37 1C until OD 600 nm reached 0.4. Bacterial RNA was extracted using the hotphenol extraction method developed by Chuang et al. (1993a, b) . RNA was eluted in diethyl pyrocarbonate-treated ddH 2 O to a final concentration of c. 10 mg mL À1 . The quality of the RNA was checked by concentration and ratio determination and formaldehyde gel analysis. To evaluate any DNA contamination, a 35 cycles PCR reaction was performed using 100 ng total RNA as a template.
Reverse transcription PCR (RT-PCR) and Northern blot analysis
The one-step RT-PCR kit (Qiagen, Valencia, CA) was used to perform RT-PCR as described by the manufacturer.
Either knockout or wild-type E. coli W3110 RNA (1 mg) was used as the template for the RT-PCR reaction. Product DNA (10 mL) was loaded onto a 1% agarose gel for confirmation. Northern blot was performed as described by the manufacturer of the digoxigenin-high prime DNA labeling and detection starter kit II (Roche, Basel, Switzerland) using the digoxigenin-high prime labeled lysC coding region DNA as the probe.
Microarray and statistical analysis of gene expressions
Protocols for labeling and hybridization were followed as described by the manufacturer (MWG, High Point, NC). RNA (50 mg) was used for each reaction and labeled with Cy3-dUTP (knockout) or Cy5-dUTP (wild type), respectively. Scanning and raw data processing were performed using an Axon scanner 4100B and Genepix 6.0 pro (Axon, Sunnyvale, CA), respectively. The analysis of microarray data was carried out by LIMMA GUI package of R software (Wettenhall & Smyth, 2004) . Data were normalized both within (median) and between (scale) arrays. The P value was adjusted by the BH (Benjamini-Hochberg) method (false discovery rate) (Benjamini & Hochberg, 1995) ; genes with adjusted P-values lower than 0.01 and fold changes 41.5 were considered to be differentially expressed. STEM software package was used for gene ontology (GO) clustering (Ernst & Bar-Joseph, 2006) . Fold changes and P values of genes with differential expression are listed in the Supplementary material. Biocyc (Keseler et al., 2005) was used for annotations and pathway explanations. Genes with differential expression were picked and confirmed by semi-quantitative RT-PCR reaction using the one-step RT-PCR kit (Qiagene) with 40 ng total RNA as a template; the primers and cycle numbers are listed in the Supplementary material.
Results and discussion
In this study, a lysC knockout E. coli W3110 strain was generated and the differential gene expression profiles of wild type and lysC knockout E. coli were compared. The lysC gene was truncated by l red induced recombination and was replaced by the chloramphenicol resistance gene. The resulting lysC knockout, mediated by the l red system, is shown in Fig. 1 . The mRNA expression level of lysC was detected by RT-PCR and Northern blot, and the results are shown in Fig. 1a and b, respectively. The mRNA level of lysC was not detectable in the lysC knockout E. coli W3110 strain using either RT-PCR or northern blot analysis, indicating that the lysC gene was completely removed. The differential gene expression profiles of wild type and lysC knockout E. coli K-12 W3110 strains at the mid log phase are shown in Tables  1 and 2 . There were 54 genes upregulated and 64 genes downregulated in the lysC knockout strain. To verify the microarray data, semi-quantitative RT-PCR was performed to check several differentially expressed genes such as dapB, dapD, icd, ompC, ompF and gdhA. The results are shown in Fig. 2 . Genes that were differentially expressed in the microarray data also showed the same results in the semiquantitative RT-PCR analysis.
Lysine biosynthesis in E. coli is derived from aspartate. There are three genes responsible for the first step in this pathway, which is the phosphorylation of aspartate. They are aspartokinase I, II and III, which are coded by thrA, metL and lysC, respectively. Although there are three enzymes responsible for the same reaction, only aspartokinase III is regulated by lysine. According to the present data, knockout of the lysC gene triggered several significant changes in gene expression, mostly associated with amino acid biosynthesis and transport. The lysine biosynthesis pathway was yciD, yceI, ydfZ, htrA, ugd, yfiD, katG, ybaR, yebL, tehB, ymfM, yodA, yeeA, yhjD, hha, yhcG, pyrD, rhlE, ybeJ, yaiW Ã Genes with P o 0.01 and fold change 41.5 were considered as differentially expressed. remarkably upregulated, and the expression of asd, dapB and dapD was significantly elevated by knockout of the lysC gene. It was reported that the expression of these three genes can be repressed by the presence of lysine (Richaud et al., 1984; Bouvier et al., 1992) . Therefore, the significant upregulation of these three genes might indicate that the lysC knockout E. coli is under lysine starvation. Genes with products related to aspartate synthesis, like enzymes generating oxaloacetate, a-ketoglutarate and glutamate, were also increased in expression. These genes include ppc, icd, gdhA and ybiC. Aspartate synthesis in E. coli is mediated by oxaloacetate and glutamate. There are two pathways in E. coli that synthesize glutamate, and recent studies indicate that one of the pathways mediated by gdhA can be upregulated by amino acid starvation (Helling, 1994) . These results therefore showed that E. coli lacking lysC would not only have to increase the expression of lysine biosynthesis genes, but would also need to raise the expression of aspartate biosynthesis genes to ensure that there were enough resources to synthesize lysine utilizing aspartokinase I and II.
Analysis of gene profiles in the lysC knockout revealed a group of transporters with upregulated expression. The expressions of outer membrane porins ompC and ompF were significantly increased in this strain. OmpC and OmpF are two of the major porins in E. coli responsible for passing solutes such as sugars, ions, and amino acids through the outer membrane (Nikaido & Vaara, 1985) . The increase in the expression of ompC and ompF may be caused by the shortage of lysine; thus, the bacteria may have attempted to increase the number of porins to harvest lysine from the medium. Another important transporter in this study, lysP, was also found to be significantly increased in the lysC knockout strain. LysP is an Amino Acid-Polyamine-Organocation (APC) transporter that transports lysine and protons from the periplasmic space into the cytosol (Steffes et al., 1992; Jack et al., 2000) . The upregulation of lysP expression also suggested that the lysC knockout strain might be under lysine starvation.
On comparing lysC knockout and wild-type gene profiles, it was observed that there was a decrease of proline-associate genes like putA, proV and proW. PutA is a bifunctional enzyme that mediates proline degradation and generates glutamate (Ling et al., 1994) , and ProV and ProW are subunits of a proline ABC transporter. A decrease in the expression of these genes might have been caused by the increase of glutamate, which is necessary for aspartate synthesis. Interestingly, proline biosynthesis in E. coli utilizes a-ketoglutarate and glutamate to generate proline. This may indicate that the lysC knockout E. coli was trying to produce more glutamate to generate aspartate. The high concentration of glutamate may have inhibited the expression of proline degradation and transporter genes. Further evidence in support of this hypothesis was the decrease in the expression of a glutamate transporter gene, gltP. GltP is a glutamate/aspartate transporter (Wallace et al., 1990) . The low expression of gltP may have also been caused by the increased concentration of intracellular glutamate.
It was also discovered that there was a group of acid response genes like asr, hdeA and hdeB, which was upregulated in the lysC knockout strain. It has been reported that the overexpression of biosynthesis genes of threonine, another aspartate superfamily, would lead to low acetate concentrations (Lee et al., 2003) . In contrast, the experiments with the knockout strain of the lysC gene demonstrated a possible increase in acetate accumulation, which would reduce the intracellular pH level. However, the mechanism of acetate accumulation in the lysC knockout strain is unknown and requires further investigation.
Furthermore, some of the genes related to protein chaperones were downregulated, including: ibpA, ibpB, clpB, hslV and hslU. The expression of these genes increases under high temperatures (Kuczynska-Wisnik et al., 2001) . IbpA and IbpB bind to unfolded or misfolded proteins under a high temperature. HslVU shares a structural identity with the eukaryotic proteasome and plays a role in protein degradation (Chuang et al., 1993a, b) . The downregulation of these genes may also be due to lysine starvation.
Understanding the mechanism of regulation of lysine biosynthesis can provide valuable clues for improving industrial lysine production. In this study, the lysC gene was successfully knocked out using the l red system, and was investigated the global differential gene expression of wild type and lysC-deficient E. coli W3110 strains by high-density microarray analysis. information for clarifying the role of the lysC gene in lysine biosynthesis and other biological processes.
Supplementary material
The following supplementary material is available for this article: Table S1 . Gene expression increased in lysC knockout E. coli. Table S2 . Gene expression decreased in lysC knockout E. coli. 
